To assess the genetic contribution to determinants of therapeutic weight loss in obese female identical twins. DESIGN: Subjects were studied for 40 days on an inpatient unit in three phases: 7 baseline days; 28 days of weight reduction by a very low calorie diet (1.6 MJ per day); and 5 days after weight reduction. SUBJECTS: Fourteen pairs of premenopausal obese female identical twins (age: 39.0 AE 1.7 y; body weight (BW): 93.9 AE 21.2 kg; body mass index (BMI): 34.2 AE 7.8 kgam 2 ). MEASUREMENTS: Body composition by hydrodensitometry and resting metabolic rate by indirect calorimetry were assessed before and after weight loss. RESULTS: There was great variability among pairs in loss of weight (5.9 ± 12.4 kg) and body fat (3.1 ± 12.4 kg). By contrast, the intraclass correlation (ICC) within twin pairs was 0.85, P`0.001 for weight and 0.88, P`0.001 for body fat. A measure of metabolic ef®ciency, calculated as the difference between`estimated' and`measured' energy de®cit showed high intrapair correlation (ICC 0.77; P`0.001). CONCLUSIONS: The high correlation in metabolic ef®ciency within twin pairs in response to therapeutic weight loss suggests a strong genetic contribution.
Introduction
The weight losses of persons being treated for obesity 1 ± 5 vary widely and the reasons for this variability are poorly understood. A possible reason for this variability may be differences in metabolic ef®ciency de®ned as the energy intake per unit of body mass or body surface area necessary to maintain body weight. Leibel and Hirsch have proposed that increased metabolic ef®ciency of reduced-obese persons is responsible for the 28% decrease in energy intake necessary for them to maintain their body weight. 6 Ravussin et al have proposed that`subjects with similar physical characteristics can require more or less energy to maintain their body weight and can therefore be more or less`energy ef®cient'', 7 a view supported by animal research. 8 ± 10 An opportunity to assess genetic contributions to metabolic ef®ciency in humans was provided by a recent study of gene ± environment interactions that utilized the experimental paradigm of Bouchard and colleagues. 11, 12 This study, of 14 pairs of obese female identical twins, found that 28 days of a very low calorie diet (VLCD) produced weight losses that varied from 5.9 to 12.4 kg. 13 The present brief report analyzes data from the previous study to assess the causes of this variability in weight loss and the extent of genetic contribution to these changes. 11 All subjects were premenopausal and none reported any menstrual irregularities. The only recent illness was a concordant 4 y history of wellcontrolled, non-insulin-dependent diabetes mellitus and hypertension in both members of one pair of twins. The study was approved by the Ethics Committee of the Charles University Hospital in Prague and by the Institutional Review Board of the University of Pennsylvania School of Medicine.
Methods
Initial examination, before admission to the study, included a medical history, physical examination, routine blood tests and an electrocardiogram, none of which gave reason for exclusion of any subjects.
The study protocol was that utilized on the Obesity Unit in the treatment of 450 obese patients during a 5 y period. 14, 15 Subjects spent 40 days on the unit: 7 baseline days, 28 days of weight reduction and 5 days after weight reduction. Before entry into the hospital, while their weight was stable, the subjects' food intake was assessed and their diet during the baseline week was individualized to provide the same energy intake. It averaged 8.6 MJ, the recommended value for middle-aged women performing light physical activity. As a result, weight during the baseline period was stable. During weight reduction the VLCD delivered 1.6 MJaday.
Daily programmed exercise included a 4 km walk, monitored by pedometers, 20 min on a stationery bicycle at 60% VO 2 max and 30 min of aerobic exercises. The minutes of activity at these tasks were multiplied by appropriate physical activity ratios which yielded a constant of 1.7, approximately that proposed by the FAOaWHOaUNU for light physical activity. 16 Adherence to diet was monitored by daily determination of urinary ketones and adherence to activity by daily pedometer measurements.
Before and after weight loss, body composition was assessed by hydrodensitometry and resting metabolic rate by indirect calorimetry using a modi®ed Oxyscreen apparatus (Jaeger GmbH, Wurzburg, Germany) following a 12 h overnight fast. The mean intraindividual coef®cient of variation from replicated measurements was 2.9%.
Statistical analysis
Statistical analysis involved a six-step procedure. The ®rst step used a 2Â2 (time and twins) repeated measures analysis of variance to compute the statistical signi®cance of the changes from baseline to postintervention for each of the variables of interest Ð body weight, fat mass and fat-free mass. The second step was to estimate the genetic contribution to these changes by computing intraclass correlations (ICC; 3,1), as de®ned by Shrout and Fliess, between members of a twin pair. 17 These and all subsequent correlations were also computed after adjusting for age and initial values. The third step was to estimate metabolic ef®ciency as a mechanism that may underlie the differences in weight losses of the subjects. For this purpose we compared the`estimated' energy de®cit to`measured' energy de®cit. The`estimated' energy de®cit was determined by ®rst calculating an average RMR for the period of weight loss (by subtracting two-thirds of the decrease in resting metabolic rate (RMR) during the study from the initial RMR). This value was multiplied by 1.7 to obtain total energy expenditure, from which was subtracted the 1.6 MJ daily food intake. A`measured' energy de®cit was estimated from the energy equivalents of the losses in fat (39.3 kJag) and lean body mass (4.3 kJag).
The fourth step was to correlate the`measured' and estimated' energy values separately for the set of A twins and for the set of B twins. Calculating the correlations for the two sets separately avoided the spurious correlation that might arise from the similarity between members of a twin pair. The ®fth step was to assess the genetic in¯uences on this measure of metabolic ef®ciency by determining the extent to which it was shared by members of a twin pair. For this purpose we regressed`measured' energy de®cit oǹ estimated' energy de®cit and calculated the residuals for each subjects. The sixth step was to determine the intrapair correlations between the residuals for each twin pair.
Results
As reported previously, 13 the 4 weeks of VLCD resulted in an 8.8 AE 1.9 kg loss of body weight, from 93.9 AE 21.2 to 85.1 AE 19.9 (P`0.0001). Body composition also changed, with a greater loss of fat mass (FM) 6.5 AE 2.3 kg (14.7%) than of fat-free mass (FFM) 2.1 AE 1.5 kg (4.2%), re¯ected in a decrease in the FMaFFM ratio from 0.88 to 0.78 (P`0.0001). FFM accounted for 23.9% of weight loss. Body energy content decreased by 13.6% or 265 MJ (see Table 1 ). 
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The changes in body composition in response to VLCD showed great variability. Thus, although the mean weight loss was 8.8 kg, losses ranged from 5.9 to 12.4 kg. These changes were not, however, randomly distributed among the 28 subjects but were highly correlated within the twin pairs. There was 12.8 times (F-ratio, P`0.0005) more variability for changes in body weight between pairs than there was within pairs, and the F-ratio for fat mass was even greater; 17.0 (P`0.0005). For body weight and fat mass, both the unadjusted intraclass correlation (ICC) and those adjusted for age and initial values were highly signi®cant (P`0.001). As would be expected from these values, the decrease in body energy stores within twin pairs was also highly correlated (ICC 0.90; P`0.0001).
Metabolic ef®ciency RMR fell from 4.66 AE 1.22 kJamin to 4.29 AE 1.17 kJamin (P`0.10), which yielded an average RMR for the 28 days of 4.41 kJamin. The`estimated' energy de®cit, calculated by multiplying this value by 1.7 and subtracting the 1.6 MJ daily food intake was 257 AE 74 MJ. The difference between this value, and the`measured' energy de®cit of 265 AE 86, was not statistically signi®cant (P 0.56), but this mean difference of 8.0 MJ included a wide range of values for individual subjects. For some the`estimated' energy de®cit was greater than the`measured' energy de®cit while for others thè estimated' energy de®cit was less than the`measured' energy de®cit. The former subjects might be considered more metabolically ef®cient than the latter. A measure of this metabolic ef®ciency was calculated for each subject, as described under methods and plotted in Figure 1 . The ICC between`estimated' and`measured' energy de®cit for the A twins was 0.54 (P`0.05) and for the B twins was 0.68 (P`0.008).
Finally, we calculated the residuals for these measures of metabolic ef®ciency for each subject. The genetic in¯uence on these measures of metabolic ef®ciency, indicated by the intra-pair correlation coef®cients for the residuals, was strong (ICC 0.77; P`0.001; Figure 2 ).
Discussion
The data reported here have shown that the differences in weight loss in response to VLCD may be interpreted as due to differences in metabolic ef®ciency, calculated as the difference between`estimated' and`measured' energy de®cit. The genetic in¯uence on metabolic ef®ciency, as indexed by the intrapair correlation coef®cient, was substantial: r 0.77; P`0.001. These ®ndings were made possible by a special feature of this study: the very high degree of control on the (inpatient) metabolic service and the excellent adherence to diet and activity protocols, which permitted precise estimates of energy intake and energy expenditure.
Estimates of metabolic ef®ciency have been infrequent in the past; experimental control over energy intake and Figure 1 The relationship between estimated and measured energy de®cit for each of the 28 subjects. Members of twin pairs are given the same numbers to permit assessment of the similarity of their position. The dotted line represents the regression of estimated on measured energy de®cit; the solid line represents the line of identity. Subjects above the dotted (regression) line are relatively less ef®cient than those below the dotted line. Those above the solid line (of identity) are absolutely less ef®cient than those below the solid line. Metabolic ef®ciency of twins V Hainer et al expenditure comparable to that of the present study has rarely been achieved. An exception was the report by Sweeney et al 18 of the in¯uence of environmental factors on metabolic ef®ciency. In interpreting the results of a study of weight reduction for obesity they calculated a`de®cit energy factor' that consisted of the ratio of`body energy lossadietary energy de®cit'. The two measures in this ratio correspond conceptually to our`measured' and`estimated' energy de®cit. This ratio was highly responsive to the environmental in¯uence of the energy content of the reducing diet, with a value of 1.2 during 3 months on a more restricted diet (3.3 MJaday) and 0.72 on a less restricted diet (5.7 MJaday). Our ®nding in an environment that was strictly controlled suggests that genetic factors also contribute to metabolic ef®ciency.
A recent report on resistance to weight gain in the face of excess caloric intake, suggests a source of the apparent differences in metabolic ef®ciency which we found among the twin pairs. 19 Healthy volunteers, who were fed 1000 kcaladay over their requirements for weight maintenance, showed 10-fold differences in fat storage. These differences in fat storage among subjects derived from differences in their increases in total energy expenditure that accompanied overfeeding. These differences in total energy expenditure were, in turn, attributed to differences in`nonexercise activity thermogenesis' (NEAT). The authors propose that NEAT results from ®dgeting, maintenance of posture and other physical activities of daily life.
If NEAT acts to maintain a stable body weight by dissipating energy in the face of an energy excess, it may act to maintain a stable body weight by conserving energy in the face of an energy de®cit. Under such circumstances, differences in NEAT among subjects could account for the apparent differences in metabolic ef®ciency that we have observed. The high intrapair concordance in the results suggests that NEAT may be under strong genetic control.
A limitation of our study is that our operational de®nition of metabolic ef®ciency treats the physical activity ratio (PAR) of 1.7 as a constant, when it is actually a random variable. Some of the apparent variability in metabolic ef®ciency, therefore, may actually be variability in the PAR. However, the fact that this calculation of metabolic ef®ciency was signi®cantly correlated across pairs suggests that our operational de®nition either captured some true variance in metabolic ef®ciency andaor that there is a signi®cant familial component to the PAR.
This study of MZ twins, independent of DZ twins, did not estimate heritability. It estimated rather the upper bound on heritability, since it included both genetic and shared family environment. Shared family environment, however, has been estimated to have little or no in¯uence on obesity, 20, 21 leading us, as others, 11, 12 to believe that useful information about genetic effects in obesity can often be obtained from the study of MZ twins alone.
